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The bHLH Protein NEUROGENIN 2
Is a Determination Factor for Epibranchial
Placode±Derived Sensory Neurons
developing nervous system (reviewed by Lee, 1997).
Mash1 and members of the neurogenin (ngn) family of
atonal-related genes, which includes ngn1 (Math4C),
ngn2 (Math4A), and ngn3 (Math4B), are expressed in
undifferentiated and dividing neural progenitor cells,
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expressed later in differentiating neurons (references in
Lee, 1997).
The functions of the neural bHLH genes in vertebrateSummary
neurogenesis have begun to be analyzed by gain-of-
function and loss-of-function approaches. In Xenopus,neurogenin2 encodes a neural-specific basic helix±
overexpression of atonal- and AS-C±related genes canloop±helix (bHLH) transcription factor related to the
convert nonneural ectoderm into neural tissue, demon-Drosophila proneural factor atonal. We show here that
strating that these genes have neuronal determinationthe murine ngn2 gene is essential for development
activities (Turner and Weintraub, 1994; Lee et al., 1995;of the epibranchial placode±derived cranial sensory
Ma et al., 1996; McCormick et al., 1996; Henrique etganglia. An ngn2 null mutation blocks the delamination
al., 1997; Kim et al., 1997; Takebayashi et al., 1997).of neuronal precursors from the placodes, the first
However, the late expression of some of these genes,morphological sign of differentiation in these lineages.
particularly of the NeuroD family, makes it unlikely thatMutant placodal cells fail to express downstream
they normally have a determination function. Loss-of-bHLH differentiation factors and the Notch ligand
function experiments in mouse have been used toestab-Delta-like 1. These data suggest that ngn2 functions
lish more clearly the actual function of neural bHLHlike the Drosophila proneural genes in the deter-
genes during development. For example, the generationmination of neuronal fate in distal cranial ganglia.
of a null mutation in Mash1 has shown that this geneInterestingly, the homeobox gene Phox2a is activated
is required at an early step in progenitors of olfactoryindependently of ngn2 in epibranchial placodes, sug-
receptor neurons but later in the differentiation of auto-gesting that neuronal fate and neuronal subtype iden-
nomic neurons (Guillemot et al., 1993; Sommer et al.,tity may be specified independently in cranial sensory
1995; Cau et al., 1997).ganglia.
Although the gene families involved in regulating neu-
ronal determination and differentiation events may haveIntroduction
been conserved throughout evolution, at the cellular
level different modes of neurogenesis have evolved in
Major advances in our understanding of the genetic
invertebrate and vertebrate species. In particular, neu-
pathways underlying development of the vertebrate ner-
rons are generated from three sources in vertebrate
vous system have been made through the identification embryos: the neuroepithelium of the neural tube, neural
of factors analogous to those regulating neurogenesis
crest, and cranial ectodermal placodes. Morphologi-
in Drosophila. In the fly, the four genes of the achaete-
cally, the generation of placode-derived sensory neu-
scute complex (AS-C) and atonal encode basic helix±
rons in vertebrates is most similar to neurogenesis in
loop±helix (bHLH) transcription factors, which confer the fly, as in both instances the acquisition of a neural
neural competence to ectodermal cells (reviewed by fate is followed by the delamination of neural precursors
Campuzano and Modolell, 1992; Jan and Jan, 1994). from a neuroepithelium (Lewis, 1991). In vertebrates, the
Expression of these proneural genes is restricted to cranial placodes include a series of three epibranchial
presumptive neural precursors through a process of lat- placodes, which give rise to the sensory neurons of the
eral signaling mediated by the Notch receptor (reviewed distal geniculate, petrosal, and nodose ganglia, associ-
by Simpson, 1997). ated with the VIIth (facial), IXth (glossopharyngeal), and
The identification of vertebrate genes related to Xth (vagal) cranial nerves, respectively. These nerves
proneural genes and to components of the Notch path- are also associated with the proximal facial (VII), jugular
way in the fly suggests that the basic mechanisms un- (IX), and superior (X) ganglia, which are of neural crest
derlying neurogenesis have been conserved throughout origin (Ayer-Le Lievre and Le Douarin, 1982; D'Amico-
evolution (reviewed by Lewis, 1996; Lee, 1997). In the Martel and Noden, 1983).
mouse, the AS-C homolog Mash1 and several families We have recently begun to study the function of ngn2
of atonal-related genes are specifically expressed in the in neurogenesis. We have shown that forced expression
in zebrafish embryos of murine ngn2, or the related ze-
brafish gene Zngn1, induces ectopic neurons outside³To whom correspondence should be addressed.
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Figure 1. Sequential Expression of Neural-Specific bHLH Genes during Development of Distal Cranial Ganglia
(A±C) Hybridization with an ngn2 cRNA probe on E9.0 (A), E9.5 (B), and E10.0 (C) embryos showing the sequential onset and termination of
ngn2 expression in the geniculate (ªVIIº), petrosal (ªIXº), and nodose (ªXº) epibranchial placodes. A lower and more transient expression of
ngn2 is seen in the trigeminal (ªVº) placode at E9.5 (B).
(D±H) Transverse serial sections through the region of the petrosal placode of an E9.5 (24±28 somites) embryo hybridized with cRNA probes
to ngn2 (D), ngn1 (E), Math3 (F), NeuroD (G), and Nscl1 (H). ngn2 is expressed in placodal cells (ªplº) and in neural precursors (ªnº and
arrowhead) immediately after delamination but not in precursors that aggregate to form the distal ganglion (ªdgº). ngn1 is expressed at low
levels in the placode as well as in migrating and ganglionic precursors, whereas Math3, NeuroD, and Nscl1 are only expressed following
delamination from the placodes, in this order. Abbreviations: ªdg,º distal ganglion; ªn,º migrating neural precursors; ªov,º otic vesicle; ªpl,º
placode. Scale bar, 100 mm.
of the neural plate, thereby demonstrating that ngn2 has Results
the ability to specify a neuronal fate in ectodermal cells
(Blader et al., 1997; P. Blader, G. G., F. G., and U. StraÈ hle, Expression of bHLH Regulators in Cranial
unpublished data). In the present study, we have used Sensory Neuron Precursors
a loss-of-function approach to better define ngn2 func- Previously, we and others have reported that the three
tion in the mouse, focusing our analyses on the simple epibranchial placodes, which give rise to the geniculate
sensory neuronal lineages derived from the epibranchial (VIIth), petrosal (IXth), and nodose (Xth) distal ganglia,
placodes. Our analysis of the ngn2 mutant phenotype are major sites of ngn2 expression (Gradwohl et al.,
shows that the development of distal ganglia is blocked 1996; Sommer et al., 1996). To further our understanding
at the early step of delamination of precursors from the of how neurogenesis is regulated in cranial distal ganglia
placodes, that a cascade of bHLH differentiation genes and to define at which stage ngn2 may function in these
fails to be activated, and that neuronal differentiation is lineages, we examined the expression of ngn2 in more
detail and analyzed the expression of other neural bHLHnot initiated in the mutant precursors. In addition, the
lack of expression of the Notch ligand Dll1 in mutant factors in these lineages.
The epibranchial placodes are transient ectodermalplacodes suggests that ngn2 is required to activate lat-
eral inhibition, further supporting a proneural-type activ- thickenings present in the mouse embryo between ap-
proximately embryonic day 8.5 (E8.5) and E10.5 of devel-ity for ngn2 during epibranchial placode neurogenesis.
In contrast, placodal expression of the homeodomain opment. During this period, neuronal precursors delami-
nate from the placodes, migrate dorsomedially, andprotein Phox2a, a regulator of the noradrenergic neuro-
transmitter phenotype (Morin et al., 1997), is unaffected aggregate to form the distal ganglionic anlagen. In the
epibranchial placodes, we first detected ngn2 tran-in ngn2 mutant embryos, suggesting that some aspects
of cranial sensory neuron identity may be specified inde- scripts in the geniculate placode (ªVIIº in Figures 1A±1C)
in 11±13 somite embryos, followed by expression in thependently from neuronal fate in these lineages.
neurogenin2 Function in Cranial Sensory Ganglia
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Figure 2. Generation of ngn2 Mutant Mice
(A) Schematic representation of the endoge-
nous ngn2 locus (top), ngn2 targeting vector
(middle), and recombined allele (bottom).
Fragments used to generate 59 and 39 exter-
nal probes are indicated at the bottom of the
figure.
(B) Southern blot analysis of NotI/SpeI di-
gested genomic DNA from an ngn2 heterozy-
gous (first lane) and two wild-type mice (sec-
ond and third lanes) using 59 and 39 external
probes that recognize a common 20 kb wild-
type band and 7.5 kb and 10.5 kb mutant
bands, respectively.
(C) An E9.0 ngn2 mutant embryo displaying
neural tube closure defects and exencephaly
at the level of the midbrain.
petrosal placode (ªIXº) at the 18±20 somite stage and differing from ngn2 expression, which is not maintained
in the ganglionic anlagen (Figure 1D). Math3 and NeuroDin the nodose placode (ªXº) at the 20±24 somite stage
(Figures 1A±1C; data not shown). In transverse sections are, in contrast, expressed in migrating precursors and
in ganglionic cells but not in the placodes themselvesof E9.5 embryos, ngn2 transcripts were observed in pla-
codal cells and migrating neuronal precursors but not in (Figures 1F and 1G). The patterns of these two genes
differ, however, in that Math3 expression is initiated incells that had aggregated in ganglionic primordia (Figure
1D), whereas an antibody against 155 kDa neurofilament cells located directly beneath the placode, correspond-
ing to precursors that have just delaminated, whereas(NF-M) was not expressed in placodal cells at this stage
(data not shown). Therefore, ngn2 expression in distal migrating precursors initiate NeuroD expression farther
away from the placode and nearer to the ganglionicganglionic lineages clearly precedes overt neuronal dif-
ferentiation. Expression of ngn2 disappeared from the anlage. Finally, Nscl1 transcripts were detected only in
ganglionic cells, and not in placodal or migrating cellsgeniculate placode around E10.25 and from the petrosal
and nodose placodes around E10.75 (Figure 1C; data (Figure 1H). Altogether, these results indicate that the
same repertoire of bHLH regulators is expressed in thenot shown). ngn2 transcripts were also detected tran-
siently in the developing trigeminal placode or ganglion three epibranchial placode±derived neuronal lineages, in
the following temporal sequence: ngn2/ngn1 . Math3 .of E9.5 embryos (ªVº in Figure 1B) but not in the otic
vesicle or in proximal, neural crest±derived VIIth, IXth, NeuroD . Nscl1, and they suggest that Math3, NeuroD,
and Nscl1 may be activated downstream of ngn2 in aor Xth ganglionic precursors at any stage.
Expression of the neural-specific bHLH genes ngn1, differentiation cascade.
Math3, NeuroD, and Nscl1 (see Experimental Proce-
dures for references) was also detected in the devel- Generation of a Null Mutation in ngn2
To study the developmental role of ngn2, a null mutationoping geniculate, petrosal, and nodose ganglia of E9.5
embryos (Figures 1D±1H and 5A±5D), suggesting the was generated by homologous recombination in embry-
onic stem (ES) cells, deleting the complete protein cod-possibility that bHLH factors are expressed in a sequen-
tial manner in these lineages, as previously shown in ing sequence located in the second exon of the gene
(Figures 2A and 2B; see Experimental Procedures). Another neuronal lineages (Ma et al., 1996; Cau et al., 1997).
To test this hypothesis, we took advantage of the spatial ES cell line carrying the ngn2 null mutant allele was
injected into C57BL/6J blastocysts to generate chime-segregation of neuronal precursors at different develop-
mental stages duringcranial sensory neurogenesis.Dur- ras, and germline transmission of the mutation was ob-
tained. Heterozygous animals were apparently normaling the development of the geniculate ganglion, ngn1 is
expressed at low levels in placodal cells as well as in and fertile, and heterozygous intercrosses yielded live
homozygous animals at birth. Newborn homozygousmigrating and ganglionic neural precursors (Figure 1E),
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Figure 3. Lack of Geniculate and Petrosal
Ganglia in E9.5 ngn2 Mutant Embryos
(A and A9) Immunostaining of wild-type (A)
and ngn2 mutant (A9) embryos using an anti-
body against NF-M (155 kDa). NF-M staining
is detected in the anlagen of the three distal
cranial ganglia and in the nerve roots of the
nodose ganglion in wild-type embryos (A),
whereas NF-M staining is missing in the re-
gions of geniculate and petrosal ganglia in
ngn2 mutants (A9).
(B and B9) Hybridization with an SCG10 cRNA
probe of wild-type (B) and mutant (B) em-
bryos. A lack of differentiation of geniculate
and petrosal neuronal precursors is also ob-
served. Abbreviations: ªov,º otic vesicle;
ªVII,º geniculate placode and/or ganglion;
ªIX,º petrosal placode/ganglion; ªX,º nodose
placode/ganglion.
mutants were usually smaller in size than their lit- 3:A9). Similar results were obtained with two other early
markers of neuronal differentiation, SCG10 (Figures 3Btermates and were frequently unable to feed normally
as evidenced by the lack of milk and the presence of and 3B9) and class III b-tubulin (data not shown). Devel-
opment of the trigeminal ganglion, which is derived inair in their stomachs. They also often exhibited abnormal
posturing of their limbs and a low level of activity. Most part from a placode containing ngn2-expressing cells,
was unaffected by the mutation as judged by normalmutant animals either died or were sacrificed during the
first postnatal day. The five mutant animals we observed NF-M and SCG10 expression (Figure 3). The lack of
expression of three neuronal markers suggests that theto survive past the day of birth became progressively
more growth retarded and less active with time and died gene is required for overt neuronal differentiation of the
precursors of the geniculate and petrosal ganglia in E9.5between 4 and 25 days of age.
Less than one quarter of the newborn progeny of embryos.
heterozygous intercrosses were homozygous mutants
(15% 2/2, 55% 1/2, 29% 1/1; n 5 68), suggesting
that some homozygotes may die at embryonic stages. Block in Placodal Precursor Delamination
Histological analysis was performed to define at whichWhen litters from heterozygous intercrosses were har-
vested between E9.5 and E12.5, morphological defects developmental stage the geniculate and petrosal lin-
eages are blocked in ngn2 mutants. In sections of E9.5were observed with a low penetrance in mutant embryos
(11% of 2/2, 0% of 1/2, and 0% of 1/1 embryos; n 5 wild-type embryos, we could observe the ectodermal
thickenings corresponding to the epibranchial placodes91). The most common defect was a kinked neural tube
at the spinal cord level, usually associated with a devel- (ªplº in Figure 4A), the cellular aggregates of the distal
ganglionic anlagen (ªggº), and migrating neuronal pre-opmental delay. Lack of neural tube closure and exen-
cephaly at midbrain level were also observed (Figure cursors located between the placodes and the gangli-
onic anlagen, en route to form the ganglionic primordia2C). A preliminary analysis of morphologically normal
mutant embryos using neuronal differentiation markers (arrows in Figure 4A). In contrast, although the three
epibranchial placodes were clearly visible in ngn2 mu-revealed developmental defects in the forebrain, spinal
cord, dorsal root ganglia, and most clearly in the distal tants, there was no evidence of delamination, migration,
or aggregation of neural precursors in the regions of thecranial ganglia, on which this article is focused.
distal VIIth and IXth ganglionic anlagen (Figure 4:A9).
Morphologically, the cellular structure of the mutantDefects in the Distal Cranial Ganglia
The development of the distal cranial ganglia was first VIIth and IXth placodes appeared looser, suggestive of
alterations in cell adhesion properties of mutant placo-analyzed in embryos with 24±28 somites (E9.5). In wild-
type embryos, NF-M stained the anlagen of the genicu- dal cells (Figure 4:A9).
To determine if neural precursors were eliminatedlate (ªVIIº in Figure 3A), petrosal (ªIXº), and nodose (ªXº)
ganglia. In ngn2 mutants, in contrast, NF-M staining was from the mutant geniculate and petrosal placodes, we
examined the expression of the neomycin resistanceonly detected in the nodose ganglion and not in the
region of the geniculate and petrosal ganglia (Figure (neor) gene inserted in the ngn2 mutant allele as a marker
neurogenin2 Function in Cranial Sensory Ganglia
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lack of differentiation of placodal precursors is not due
to their elimination by cell death. Finally, mitotic figures
were observed in both wild-type and mutant placodes
(data not shown), suggesting that the lack of precursor
delamination is not the result of a major defect in cell
proliferation, although thepossibility of altered cell cycle
kinetics has not been explored. In conclusion, precursor
cells remain in the mutant geniculate and petrosal plac-
odes, but their differentiation appears to be blocked
prior to the stage of their delamination from the placodes.
To examine the consequences of the early block in
delamination of placodal precursors, the development
of the geniculate ganglion was examined at later stages
in ngn2 mutants. Analysis of E10.5 mutant embryos re-
vealed no evidence of geniculate or petrosal ganglion
development (data not shown). At E12.5, however,
SCG10 and Ret, a gene encoding a GDNF receptor sub-
unit that is normally expressed at high levels in distal
ganglia (Pachnis et al., 1993), were expressed in a similar
manner in the geniculate ganglion in wild-type and mu-
tant embryos (arrows in Figures 4B, 4B9, 4C, and 4C9).
Therefore, the lack of neurogenesis in mutant geniculate
placodes at E9.5 and E10.5 is subsequently compen-
sated for, resulting in the presence of geniculate ganglia
in E12.5 mutant embryos. Accordingly, histological anal-
ysis revealed the presence of a geniculate ganglion in
ngn2 mutants at birth (arrow in Figure 4:D9). The neuronal
precursors that populate the geniculate ganglion of mu-
tant embryos at E12.5 could be of neural crest origin,
as cranial crest cells do not express ngn2 and should
therefore be unaffected by the mutation (Sommer et al.,
1996; see Discussion). Consistent with this hypothesis,
migrating neural crest cells were detected in the epi-
branchial regions in mutant as well as in wild-type em-
bryos, using CRABP1 (Stoner and Gudas, 1989) and AP2
(Mitchell et al., 1991) as markers (data not shown).
Figure 4. Early Block in Geniculate and Petrosal Placode Neurogen- Loss of bHLH Regulator Expressionesis and Late Rescue of Geniculate Ganglion Development in ngn2
in Mutant PlacodesMutants
To further characterize the developmental block in ngn2(A and A9) Semi-thin sections through the VIIth placode and ganglion
mutant epibranchial placodes, we analyzed the expres-of wild-type (A) and ngn2 mutant (A9) E9.5 embryos. Neural precur-
sors that migrate (arrows) and aggregate to form the distal ganglion sion of neural bHLH genes in mutant embryos at E9.5,
(ªggº) are missing in the mutant embryo. The placode is present when the lack of delamination of mutant placodal cells
(ªplº) but shows abnormally large intercellular spaces. is already apparent but neuronal precursors remain in
(B, B9, C, and C9) Sagittal sections through E12.5 wild-type ([B] and the mutant placodes (see above). Transcripts for ngn1,
[C]) and mutant ([B'] and [C']) embryos hybridized with SCG10 ([B]
which is the only bHLH gene coexpressed with ngn2 inand [B9]) and Ret ([C] and [C9]) cRNA probes, showing the presence
wild-type placodal cells, were not detected in mutantof the geniculate ganglion in mutants at this stage (arrows).
(D and D9) Sagittal sections through the heads of wild-type (D) geniculate or petrosal precursors and were present at
and mutant (D9) newborns stained with Groat's hematoxylin and lower levels in the mutant nodose placode (Figures 5A
Mallory's trichrome. The geniculate ganglion is present in newborn and 5:A9). Expression of Math3, NeuroD, and Nscl1 was
mutants (arrow), showing that the initial block of development of lacking in mutant geniculate and petrosal precursors
the geniculate ganglion recovers at later stages. Abbreviations:
and reduced in nodose precursors (Figures 5B±5D andªpl,º placode; ªgg,º geniculate ganglion. Scale bars, 100 mm (A);
5B9±5D9). The lack of expression of Math3, NeuroD, and200 mm (B).
Nscl1 may reflect a failure to produce the migrating
precursors that normally express these genes, but it is
also consistent with the idea that these genes functionof placodal precursors. neor-expressing cells were de-
downstream of ngn2 in a regulatory cascade.tected in the three epibranchial placodesof both hetero-
zygous and homozygous E9.5 embryos (data not shown),
indicating that mutant precursor cells are present at Lack of Dll1 Expression
An important function of proneural genes in the fly isthis developmental stage. In addition, normal levels of
apoptosis were observed in mutant placodes by analy- the regulation of the lateral inhibition machinery through
the direct transcriptional activation of the Notch ligandsis of histological sections and by TUNEL labeling (Fig-
ures 4A and 4:A9; data not shown), indicating that the Delta (Kunisch et al., 1994). A murine Delta-related gene,
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Figure 6. Requirement of ngn2 for Delta-like 1 (Dll1) Expression in
Epibranchial Placodes.
(A and A9) Hybridization on E9.5 wild-type (A) and mutant (A9) em-
bryos using a Dll1 cRNA probe. Dll1 expression is missing in the
progenitors of the three epibranchial placodes in ngn2 mutants. Due
to the relatively late stage in placodal neurogenesis of the wild-type
embryo (A), expression of Dll1 is weaker in the VIIth than in the IXth
or Xth placodes. Abbreviations: ªov,º otic vesicle; ªVII,º geniculate
placode/ganglion; ªIX,º petrosal placode/ganglion; ªX,º nodose
placode/ganglion.
of neurons in this placode may not beproperly regulated
in ngn2 mutants.
Independent Regulation of the Homeodomain
Protein Phox2a
Phox2a is a homeodomain protein expressed in CNS
and PNS neurons, which transiently or permanently
adopt a noradrenergic neurotransmitter phenotype (Tiv-
eron et al., 1996). In the sensory neurons of the distal
cranial ganglia, Phox2a is required for the transient ex-
pression of dopamine-b-hydroxylase (DBH), the termi-
nal biosynthetic enzyme for norepinephrine, and for ex-
pression of the related homeodomain protein Phox2b
and the GDNF receptor subunit Ret (Morin et al., 1997;
Pattyn et al., 1997).
Figure 5. Requirement of ngn2 for Expression of Other Neural bHLH
We examined whether regulatory interactions existGenes in Geniculate and Petrosal Precursors
between ngn2 and Phox2a in epibranchial placode±Hybridization of wild-type ([A] through [D]) and mutant ([A9] through
derived lineages. In wild-type embryos at E9.5, a poly-[D9]) E9.5 embryos using ngn1 ([A] and [A9]), Math3 ([B] and [B9]),
clonal antibody detected Phox2a expression in cells ofNeuroD ([C] and [C9]), and NSCL1 ([D] and [D9]) cRNA probes. ngn1,
Math3, and NeuroD transcripts are normally present in the genicu- the three epibranchial placodes, as well as in migrating
late (ªVIIº), petrosal (ªIXº), and nodose (ªXº) ganglia ([A] through [D]). and ganglionic precursors, as previously described (Fig-
All of these genes are not expressed in the geniculate and petrosal ures 7A and 7B; Morin et al., 1997). To ask whether
placodes/ganglia and are reduced in the nodose placode/ganglion
Phox2a and ngn2 are expressed in the same cells orin ngn2 mutants ([A9] through [D9]). Abbreviations: ªov,º otic vesicle;
in separate populations of precursors, double-labelingªVII,º geniculate placode ganglion; ªIX,º petrosal placode/ganglion;
experiments were performed using the Phox2a antibodyªX,º nodose placode/ganglion.
and an ngn2 RNA probe (Figures 7C and 7D). At the
level of the nodose placode, coexpression of ngn2 and
Phox2a was observed in placodal cells and in most
precursors that have just delaminated from the placode,Delta-like 1 (Dll1; Bettenhausen et al., 1995) is normally
expressed in the three epibranchial placodes (Figure whereas precursors near their final ganglionic positions
only express Phox2a, showing that ngn2 and Phox2a are6A). In ngn2 mutants, Dll1 expression is lost in the three
epibranchial placodes, suggesting that the process of expressed in the same lineages. Interestingly, Phox2a is
expressed in scattered cells in the placode, whereaslateral inhibition is disrupted in these tissues (Figure
6:A9). This requirement for ngn2 in the activation of Dll1 is ngn2 is expressed in groups of contiguous cells, with
the cells expressing Phox2a corresponding to those ex-consistent with experiments demonstrating that ectopic
expression of the ngn gene X-ngnr-1 in Xenopus em- pressing the highest levels of ngn2 (arrowheads in Fig-
ure 7D). These expression patterns suggest, by analogybryos induces X-Delta-1 (Ma et al., 1996). The lack of
Dll1 expression in the mutant nodose placode indicates with Drosophila proneural clusters (Campuzano and Mo-
dolell, 1992), that ngn2 is expressed in groups of placo-that, although the Xth distal ganglion appears to develop
farther than the VIIth and IXth ganglia, the generation dalcells with neural competence from whichcells having
neurogenin2 Function in Cranial Sensory Ganglia
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higher levels of ngn2, which express Phox2a, are se-
lected to become neuronal precursors.
To ask whether the activation of Phox2a in individual
placodal cells was due to an accumulation of high levels
of ngn2 transcripts in these cells, we examined whether
Phox2a expression was affected by the loss of ngn2.
Phox2a was expressed in the three epibranchial plac-
odes of ngn2 mutant embryos, although at lower levels
than in wild-type embryos (Figures 7A, 7A9, 7B, and 7B9),
indicating that activation of Phox2a does not require
ngn2 activity. Conversely, we asked whether high ngn2
expression in epibranchial placodes requires Phox2a
activity, by examining Phox2a mutant embryos (Morin
et al., 1997) for ngn2 expression. ngn2 was expressed
at similar levels in the epibranchial placodes of a wild-
type (Figure 7E) and a Phox2a mutant embryo (Figure
7:E9). Therefore, the two genes are activated indepen-
dently from one another in epibranchial placodes.
As Phox2a is activated in ngn2 mutant placodes, we
next examined whether Phox2a-dependent regulatory
events were also initiated in the absence of ngn2 by
analyzing the expression of DBH, Ret, and Phox2b,
which require Phox2a activity in distal ganglia (Morin et
al., 1997). In wild-type embryos, Phox2b is expressed
in migrating precursors and ganglionic neurons but not
in placodal cells (Figure 8C; Pattyn et al., 1997), and DBH
and Ret are expressed in the distal ganglionic anlagen
(Figures 8A and 8B). In ngn2 mutants, expression of
Phox2b, DBH, and Ret was maintained in precursors of
the nodose ganglion but not in geniculate or petrosal
precursors (Figures 8:A9±8:C9). Thus, although Phox2a is
activated independently of ngn2, the activation of Phox2a
downstream events requires progression of the epibran-
chial placode±derived neuronal lineages past the point
blocked by the ngn2 mutation.
Normal Development of Motor Neurons
Figure 7. Phox2a and ngn2 are Activated Independently of One An- of the Facial Nucleus
other in Epibranchial Placodes To examine the consequence of the loss of the distal
(A and A9) Immunostaining of wild-type (A) and mutant (A9) E9.5 VIIth and IXth ganglia for the development of the associ-
embryos with an anti-Phox2a antibody. Phox2a expression is de- ated cranial nerves, E10.5 embryos were labeled with
tected in the three epibranchial placodes in wild-type embryos (A),
an NF-M antibody. In ngn2 mutant embryos, the motorand its expression, although weaker, is also observed in the plac-
root of cranial nerve VII was truncated and the IXth nerveodes of mutant embryos (A9).
was never observed (Figures 9A and 9A9). Since ngn2(B and B9) Transverse sections through the VIIth placode of E9.5
wild-type (B) and mutant (B9) embryos after anti-Phox2a immuno- is expressed in a ventral region of the hindbrain that may
staining. Phox2a expression is detected in placodal cells (ªplº), mi- contain motor neuron precursors (unpublished data), we
grating (ªnº), and ganglionic precursors in wild-type embryos (B).
examined whether hindbrain motor neurons were alsoIn ngn2 mutants, Phox2a is expressed at lower levels in the placode,
affected by the ngn2 mutation. The lipophilic carbocya-but Phox2a-positive cells do not delaminate.
nine dye, DiI, was used for retrograde tracing of the motor(C and D) Double labeling of a parasagittal section through the
region of the Xth placode/ganglion of a E10.0 embryo using a Phox2a neurons of the VIIth motor nerve. Following the injection
antibody (brown nuclear staining) and an ngn2 cRNA probe (blue of DiI into the second branchial arch and the proximal
cytoplasmic staining). Placodal cells (ªplº) and migrating precursors VIIth ganglion of E10.5 wild-type embryos, the stereo-
(ªnº) are double ngn2/Phox2a positive, while ganglionic precursors
typic pattern of motor neurons of the facial nucleus wasexpress only Phox2a.
observed at the levels of rhombomeres 4 and 5 (r4±r5)(D) Higher magnification of thenodose placode showing that Phox2a
is expressed in cells that also contain the highest levels of ngn2 in hindbrain flat mounts (Figure 9B). Similar injections
transcripts (arrowheads). into ngn2 mutant embryos revealed no obvious differ-
(E and E9) Hybridization of E9.5 wild-type (E) and Phox2a mutant (E9) ences in the number or positions of labeled cell bodies
embryos with an ngn2 cRNA probe. ngn2 expression in epibranchial
in r4±r5 (Figure 9:B9). The observed defects in the devel-placodes is unaffected by the Phox2a mutation. Abbreviations: ªn,º
opment of the motor nerves are therefore most likelymigrating neural precursor; ªov,º otic vesicle; ªpl,º placode; ªVII,º
secondary to developmental defects in the distal sen-geniculate placode/ganglion; ªIX,º petrosal placode/ganglion; ªX,º
nodose placode/ganglion. Scale bar, 100 mm. sory ganglia.
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Figure 8. The Phox2a-Dependent Pathway Is
Affected in ngn2 Mutant Geniculate and Pe-
trosal Precursors
Labeling of E9.5 wild-type ([A], [B], and [C])
and ngn2 mutant ([A9], [B9], and [C9]) embryos
with Ret ([A] and [A9]) and DBH ([B] and [B9])
cRNA probes and an anti-Phox2b antibody
([C] and [C9]). Ret, DBH, and Phox2b are ob-
served in the geniculate (ªVIIº), petrosal (ªIXº),
and nodose ganglia (ªXº) of wild-type em-
bryos ([A] through [C]) and only in the nodose
ganglion in ngn2 mutants ([A9] through [C9]).
Abbreviations: ªov,º otic vesicle; ªVII,º genic-
ulate placode/ganglion; ªIX,º petrosal plac-
ode/ganglion; ªX,º nodose placode/ganglion.
Discussion of a genetic interaction with the lateral inhibition ma-
chinery.
A defining characteristic of a neuronal determinant isngn2 Has Characteristics of a Neuronal
Determination Gene its ability to activate genetic pathways required for overt
neuronal differentiation such as bHLH regulatory cas-In this study, we have established an early role for ngn2
in neural development, using targeted mutagenesis and cades, which are thought to mediate differentiation
events in a number of neuronal cell types, includingfocusing on a simple model system, the distal cranial
ganglia. Specifically, the following observations are con- Drosophila external sense organs (Brand et al., 1993),
Xenopus primary neurons (Ma et al., 1996), and murinesistent with ngn2 acting as a neuronal determination
gene inepibranchial placode±derived neuronal lineages: olfactory placodes (Cau et al., 1997). Several neural-
specific bHLH genes areexpressed in epibranchial plac-(1) the early onset of ngn2 expression in placodal precur-
sors, (2) an inability of ngn2 mutant placodal cells to odes, suggesting that a similar regulatory cascade may
underlie the development of sensory neurons in cranialactivate a downstream regulatory cascade of bHLH dif-
ferentiation factors, (3) a failure to express neuronal ganglia. Among the bHLH genes examined thus far,
ngn2 and ngn1 are the only ones that could function astype±specific markers and to initiate overt neuronal dif-
ferentiation during the initial stages of geniculate and neuronal determinants, as they are expressed prior to
delamination, an early stage in the development of thesepetrosal ganglion formation, and (4) a loss of expression
of the Notch ligand Dll1 in mutant placodes, suggestive lineages. The observation that ngn1 is not activated in
neurogenin2 Function in Cranial Sensory Ganglia
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Figure 9. The VIIth and IXth Cranial Nerves, and Not the Facial Motor Nucleus, Are Affected in ngn2 Mutants
(A and A9) Immunostaining of E10.5 wild-type (A) and ngn2 mutant (A9) embryos with an antibody against NF-M (155 kDa). The distal geniculate
(ªVIIº) and petrosal (ªIXº) ganglia are absent in ngn2 mutants, and the VIIth and IXth nerve motor roots do not innervate the second branchial
arch, whereas the proximal cranial ganglia and the Xth cranial nerve appear unaffected by the mutation.
(B and B9) Ventral views of flat mounts of hindbrains of wild-type (B) and mutant (B9) E10.5 embryos, following retrograde tracing of motor
neuron efferents by carbocyanine dye I (DiI) injections into the VIIth ganglion and motor root. No differences were observed in the organization
or number of neurons of the facial motor nucleus between wild-type and mutant embryos. The three populations of motor neurons that
contribute axonal projections to the facial motor nerve (facial branchiomotor [ªfbmº], contralateral vestibuloacoustic efferent [ªcvaº], and
visceromotor [ªvmº]) are present in the correct positions in mutant embryos.
ngn2 mutant placodes clearly identifies ngn2 as the first Determination of Neuronal Fate versus
Neuronal Subtype Identityknown regulator to operate in this bHLH cascade and
ngn1 as a potential transcriptional target of ngn2 in the Although ngn2 has characteristics of a neuronal deter-
mination gene in epibranchial placodal precursors, it isplacodes. The activation of ngn1 by ngn2 probably re-
flects cross-activation between neuronal determination not required for the expression of the homeodomain
protein Phox2a in these cells. Phox2a has recently beengenes, similar to the cross-regulatory interactions that
exist between proneural genes in Drosophila (Martinez shown to be an essential regulator of the noradrenergic
phenotype in PNS and CNS neurons, including sensoryand Modolell, 1991). The lack of distal cranial ganglia
defects in ngn1 mutant mice (Ma et al., 1998 [this issue neurons of the distal cranial ganglia, which transiently
express this phenotype (Morin et al., 1997). Thus, theof Neuron]) is consistent with the hypothesis that ngn1
does not have an essential role downstream of ngn2. analysis of mouse mutants suggests that in epibranchial
neuron lineages, ngn2 is required to promote neuronalWhich genes are responsible for promoting the differ-
entiation of cranial sensory neurons, acting as effectors differentiation and activate pan-neuronal markers (this
study), whereas Phox2a is involved in the specificationof ngn2 function? Math3 and NeuroD, which are ex-
pressed after precursor cells have been produced and of some aspects of neuronal subtype identity through
the activation of DBH and other components of thishave delaminated from the placodes, and which have
been shown to induce neurogenesis when ectopically pathway (Morin et al., 1997). The maintenance of Phox2a
expression in the epibranchial placodes of ngn2 mutantsexpressed in Xenopus embryos (Lee et al., 1995; Take-
bayashi et al., 1997), are good candidates. In agreement therefore suggests that an early step in the specification
of cranial sensory neuron identity, the activation ofwith the hypothesis that Math3 and NeuroD function
downstream of ngn2, both genes fail to be activated in Phox2a expression, may occur independently of neu-
ronal committment in placodal precursor cells. Althoughmutant geniculate and petrosal precursors. Furthermore,
an activation of X-NeuroD by the ngn gene X-ngnr-1 an as-yet-unidentified bHLH gene may be present in
epibranchial placodes and regulate Phox2a in the ab-has been demonstrated in ectopic expression experi-
ments in Xenopus (Ma et al., 1996). Based on the timing sence of ngn2, the lack of activation of the bHLH differ-
entiation cascade and loss of lateral inhibition in ngn2of their onset of expression, Math3 is a better candidate
than NeuroD as a direct transcriptional target of ngn2. mutants clearly demonstrate that ngn2 has a unique
neuronal determination function that is not required forAlthough Math3 and NeuroD are both expressed in dif-
ferentiating neural precursors (Lee et al., 1995; Takebay- Phox2a activation.
Expression of Phox2a and high levels of ngn2 tran-ashi et al., 1997; Roztocil et al., 1997), where they have
been compared, Math3 expression overlaps that of ngn2 scripts appear coupled in placodal precursors (Figures
7C and 7D), suggesting that the same signal is involvedand clearly precedes NeuroD expression (Roztocil et al.,
1997; this study and C. F., unpublished data). Consistent in the upregulation of the two genes. This is interesting,
as it suggests that a mechanism which is independentwith Math3 and ngn1 being targets of ngn2 in cranial
sensory lineages, we have observed in preliminary ex- of ngn2, and therefore of Delta±Notch signaling, may
single out placodal cells fated to become neural precur-periments that the ectopic expression of ngn2 in P19
embryonic carcinoma cells leads to ngn1 and Math3 sors, as proposed in Drosophila for the generation of
neuroblasts in the embryonic CNS (Simpson, 1997) andactivation (C. F., unpublished data).
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in the mouse for the selection of ngn1-expressing pre- withdrawal of the process, as a cell initiates differentia-
tion, may require changes in cell surface properties andcursors in the trigeminal placode (Ma et al., 1998). In
agreement with this hypothesis, ngn2 expression levels intercellular junctions similar to those undergone by de-
laminating precursors in cranial placodes. ngn2 is ex-are unaffected in the placodes of embryos mutant in
the RBPJ gene, which are deficient in Notch signaling, pressed by VZ cells in many regions of the CNS at the
time of neurogenesis, suggesting that the gene couldwhereas in the same mutants loss of lateral inhibition
leads to a clear upregulation of ngn2 transcripts in the induce the detachment from the ventricular surface of
precursors committed to differentiation and thus regu-spinal cord and the brain (de la Pompa et al., 1997; J. L.
de la Pompa, personal communication). late similar cellular events in placodal precursors in the
PNS and ventricular precursors in the CNS.
However, the ngn2 mutation appears to have morengn2-Independent Neurogenesis
limited effects in most regions of the brain than it doesin Distal Cranial Ganglia
in epibranchial placodes (unpublished data). Most likely,The block in development of the geniculate ganglion at
other genes compensate for the lack of ngn2 functionE9.5 is transient, as a ganglion is observed in mutant
in the brain and are capable of activating the expressionembryos at E12.5 and at birth. The geniculate ganglion
of the downstream bHLH cascade, resulting in initiationpresent in mutant embryos could derive from the plac-
of neural precursor differentiation in the absence ofodes, which would maintain neurogenesis aftera tempo-
ngn2. An obvious candidate is ngn1, as ngn1 and ngn2rary arrest, or it could be of neural crest origin. In the
are expressed in the same regions of the PNS and thechick, neural crest cells normally contribute only to the
CNS, with few exceptions (Gradwohl et al., 1996; Som-glial component of the distal ganglia (Ayer-Le LieÁ vre and
mer et al., 1996). Although ngn1 expression is activatedLe Douarin, 1982; D'Amico-Martel and Noden, 1983),
by ngn2 in geniculate and petrosal placodes, it is inde-but cardiac neural crest cells have been shown to be
pendent of ngn2 in other regions where the loss of ngn2capable of rescuing the neuronal population of the distal
could be compensated for by the activity of ngn1 (un-Xth ganglion after the ablation of nodose placodal pre-
published data). This hypothesis can be tested by thecursors, indicating that these cells maintain a neuro-
study of mice carrying mutant alleles for the two genes.genic potential (Harrison et al., 1995). As neural crest
Another gene that could compensate for the loss ofcells do not express ngn2 at this axial level in the mouse
ngn2 is Mash1. The two genes activate a similar bHLH(Sommer et al., 1996), they would presumably be unaf-
regulatory cascade in olfactory placodes and epibran-fected by the ngn2 mutation and could conceivably res-
chial placodes, respectively (Cau et al., 1997; this study).cue mutant distal ganglia. This is in contrast to the situa-
Mash1 and ngn2 have non-overlapping domains of ex-tion of the trigeminal ganglion, for which both placodal
pression in the PNS, but they are coexpressed in someand neural crest components express ngn1, such that
regions of the CNS, including the retina and midbrain.no compensatory mechanism could rescue trigeminal
The hypothesis of compensatory mechanisms betweenganglion formation in ngn1 mutant mice (Ma et al., 1998).
the two genes is raised by the observation that Mash1Examination of embryos mutant for both ngn1 and ngn2
transcripts are upregulated in the retina and cerebralwill reveal whether the geniculate ganglion present in
cortex of ngn2 mutant embryos (unpublished data). Fur-ngn2 mutant embryos requires ngn1 function, which
ther confirmation for this hypothesis comes from ourwould strongly argue for a neural crest origin.
preliminary analysis of Mash1;ngn2 double mutant mice,
which present severe defects in several regions of the
Does ngn2 Have Similar Functions brain. Thus, the analysis of compound mutant mice may
in Epibranchial Placodes and help to define better the role of the bHLH determination
Other Neural Lineages? genes in neurogenesis in the brain and the molecular
Delamination of neuronal precursors is the first morpho- or cellular mechanisms of their interactions.
logical sign of differentiation during cranial placode neu-
rogenesis. This epithelial±mesenchymal transition must Experimental Procedures
involve a number of changes in the delaminating precur-
sors, including modifications in cell adhesion and in Construction of a ngn2 Targeting Vector
A ngn2 genomic clone was isolated by screening a 129Sv mouseintercellular junctions (reviewed by Hay, 1993). Precur-
genomic library. The complete coding sequence of ngn2 wassor delamination is blocked in ngn2 mutant epibranchial
mapped to a single exon, and an intron of 269 bp was found 2 bpplacodes, suggesting that ngn2 may regulate such cellu-
upstream of the putative initiation codon of ngn2. A 4 kb 59 NotI/
lar phenotypes in cranial sensory neuron precursors. Is XhoI fragment extending 59 from a XhoI site located in the intron
this aspect of the ngn2-activated differentiation pro- was cloned into the NotI/XhoI sites of the pPNT vector (Tybulewicz
gram unique to placode-derived lineages, or is it com- et al., 1991) and a 5 kb 39 BamHI arm beginning 1269 bp 39 of the
putative stop codon was cloned into the BamHI site of the samemon to the different regions of thenervous systemwhere
vector (Figure 2A). In this construct, the PGK-neor cassette wasngn2 is expressed? In the neural tube, the first morpho-
flanked by the 59 and 39 arms of ngn2 in the same transcriptionallogical sign of differentiation of a precursor cell in the
orientation, and the HSV-tk cassette was downstream of the 39 arm.
ventricular zone (VZ) is the detachment of its apical With this construct, 2174 bp of genomic sequence was deleted,
process from the ventricular surface, followed by radial including the complete coding sequence of ngn2.
migration of the cell into the mantle zone (Shoukimas
and Hinds, 1978). The apical processes of VZ cells are Generation of ngn2 Mutant Mice
attached to each other at the ventricular surface by a R1 ES cells (Nagy et al., 1993) were maintained on G418-resistant
feeder layers and transfected by electroporation (Lufkin et al., 1991).junctional complex (Shoukimas and Hinds, 1978), and
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Briefly, 10 mg of the ngn2 targeting vector linearized with NotI was ValeÂ rie Meyer, and Muriel Rhinn for help with histology; Anthony
Gavalas and Filipo Rijli for teaching us the techniques of DiI injectionelectroporated into 107 R1 ES cells using a BioRad gene pulser (400
and hindbrain flat mounts; Nadia Messaddeq for confocal micros-V; 125 mF). Resistant colonies were picked after 10 days of selection
copy analysis; Manuel Mark for help in interpreting histological sec-in 400 mg/ml G418. Genomic DNA was extracted from expanded
tions; and Siew-LanAng, PatrickBlader, Jean-FrancË ois Brunet, Uweclones, digested with NotI/SpeI, and analyzed by Southern blotting
StraÈ hle, and members of our lab for their comments on the manu-to detect homologous recombination events using 59 (1 kb NotI/
script. We would also like to acknowledge the assistance of theKpnI fragment) and 39 (1 kb EcoRI/SpeI fragment) external probes
members of the ES cell and transgenic facilities and the following(shown in Figure 2B). A single ES cell clone carrying the correctly
people for providing probes: David Anderson, Lorraine Gudas, Do-targeted ngn2 mutation was identified out of 214 clones analyzed
mingos Henrique, Ryoichiro Kageyama, Ilan Kirsch, Jacqueline Lee,and was injected into C57BL/6J blastocysts. The resulting chimeric
Pamela Mitchell, and Vassilis Pachnis. C. F. was supported by fel-males were bred with CD1 females, and germline transmission of
lowships from the Human Frontiers Science Program and the Medi-the mutation was obtained. Heterozygous animals resulting from
cal Research Council of Canada. This work was supported by grantsthese crosses were interbred to generate homozygous offspring.
from leMinisteÁ re de l'Enseignement et de la Recherche and l'Associ-
ation pour la Recherche sur le Cancer and funds from l'InstitutGenotyping of Wild-Type and Mutant ngn2 Alleles
National de la SanteÂ et de la Recherche MeÂ dicale, le Centre NationalGenotyping was performed using the polymerase chain reaction
de la Recherche Scientifique, and le Centre Hospitalier Universitaire(PCR) on genomic DNA obtained from tail or embryonic yolk sac
ReÂ gional.tissue (Laird et al., 1991). The ngn2 wild-type allele was detected
using an upper primer in the 59 untranslated region of the gene
References(GGACATTCCCGGACACACAC) and a lower primer in the coding
sequence (AGATGTAATTGTGGGCGAAG), which generate an 813
Ayer-Le Lievre, C.S., and Le Douarin, N.M. (1982). The early develop-bp product. To detect the mutant allele, the ngn2 upper primer was
ment of cranial sensory ganglia andthe potentialities of their compo-used with a lower primer in the neor gene (AGGTGAGATGACAGGAG
nent cells studied in quail±chick chimeras. Dev. Biol. 94, 291±310.ATCC), generating a product of 506 bp. PCR amplifications of mutant
Begley, C.G., Lipkowitz, S., Gobel, V., Mahon, K.A., Bertness, V.,and wild-type alleles were carried out for 35 cycles of 1 min at 948C,
Green, A.R., Gough, N.M., and Kirsch, I.R. (1992). Molecular charac-1 min at 608C, and 1 min at 728C.
terisation of NSCL, a gene encoding a helix±loop±helix protein ex-
pressed in the developing nervous system. Proc. Natl. Acad. Sci.Whole-Mount In Situ Hybridization
USA 89, 38±42.and Immunohistochemistry
Embryos were harvested considering midday of the day of the vagi- Bettenhausen, B., Hrabe de Angelis, M., Simon, D., Guenet, J.L.,
and Gossler, A. (1995). Transient and restricted expression duringnal plug as day 0.5 postcoitum for staging. Embryos were fixed at
mouse embryogenesis of Dll1, a murine gene closely related to48C in 4% paraformaldehyde for 1 hr (for E8.5±E10.5 embryos) or 2
Drosophila Delta. Development 121, 2407±2418.hr (for E12.5 embryos), rinsed in phosphate-buffered saline (PBS),
and stored in methanol at 2208C prior to whole-mount immunohisto- Blader, P., Fischer, N., Gradwohl, G., Guillemot, F., and StraÈhle, U.
chemistry or RNA in situ hybridization. Whole-mount and section (1997). The activity of neurogenin1 is controlled by local cues in the
RNA in situ hybridization were performed as described (Cau et al., zebrafish embryo. Development 124, 4557±4569.
1997; Filosa et al., 1997), and the cRNA probes used in this study Brand, M., Jarman, A.P., Jan, L.Y., and Jan, Y.N. (1993). asense is
were described in the following publications: ngn2 (Gradwohl et al., a Drosophila neural precursor gene and is capable of initiating sense
1996), ngn1 (Cau et al., 1997), Math3 (Takebayashi et al., 1997), organ formation. Development 119, 1±17.
NeuroD (Lee et al., 1995), Nscl1 (Begley et al., 1992), Dll1 (Betten-
Campuzano, S., and Modolell, J. (1992). Patterning of the Drosophilahausen et al., 1995), SCG10±8 (Stein et al., 1988), Ret (Pachnis et
nervous system: the Achaete-Scute gene complex. Trends Genet.al., 1993), and dopamine b-hydroxylase (DBH; Morin et al., 1997).
8, 202±208.Whole-mount immunohistochemistry was performed as described
Cau, E., Gradwohl, G., Fode, C., and Guillemot, F. (1997). Mash1(Tiveron et al., 1996) using antibodies to NF-M (Mark et al., 1993),
activates a cascade of bHLH regulators in olfactory neuron progeni-class III b-tubulin (Sigma, Cau et al., 1997), Phox2a (Tiveron et al.,
tors. Development 124, 1611±1621.1996), and Phox2b (Pattyn et al., 1997). Sectioning of embryos
de la Pompa, J.L., Wakeham, A., Correia, K.M., Samper, E., Brown,stained in whole mount was performed following a 1 hr postfixation
S., Aguilera, R.J., Nakano, T., Honjo, T., Mak, T.W., Rossant, J., andin 4% paraformaldehyde at 48C, impregnation of embryos with 20%
Conlon, R.A. (1997). Conservation of the Notch signaling pathwaysucrose/PBS, and mounting in OCT (Tissue-Tek; Miles). Blocked
in mammalian neurogenesis. Development 124, 1139±1148.embryos were sectioned on a cryostat at 10 mm.
D'Amico-Martel, A., and Noden, D.M. (1983). Contributions of placo-
Histology dal and neural crest cells to avian cranial peripheral ganglia. Am. J.
For histological analysis of E9.5 embryos, embryos were dissected Anat. 166, 445±468.
and fixed in 2.5% glutaraldehyde in PBS, embedded in Epon (Filosa Filosa, S., Rivera-PeÂ rez, J.A., Perea GoÂmez, A., Gansmuller, A., Sa-
et al., 1997), and cut in 2 mm semi-thin sections. For histology of saki, H., Behringer, R.R., and Ang, S.-L. (1997). goosecoid and HNF-
P0 animals, newborn mice were skinned, fixed in Bouin, decalcified, 3b genetically interact to regulate neural tube patterning during
and embedded in paraffin. Seven micrometer sections were cut and mouse embryogenesis. Development 124, 2843±2854.
stained with Groat's hematoxylin and Mallory's trichrome (Mark et Gradwohl, G., Fode, C., and Guillemot, F. (1996). Restricted expres-
al., 1993). sion of a novel murine atonal-related bHLH protein in undifferenti-
ated neural precursors. Dev. Biol. 180, 227±241.
Retrograde Labeling
Guillemot, F., Lo, L.-C., Johnson, J.E., Auerbach, A., Anderson, D.J.,
E10.5 embryos were dissected and fixed in 4% paraformaldehyde
and Joyner, A.L. (1993). Mammalian achaete-scute homolog 1 is
in PBS and injected with DiI (Molecular Probes) into the second
required for the early development of olfactory and autonomic neu-branchial arch and proximal VIIth ganglion. Flat-mount preparations
rons. Cell 75, 463±476.of hindbrains were prepared 5 days following injection and were
Harrison, T.A., Stadt, H.A., Kumiski, D., and Kirby, M.L. (1995). Com-analyzed using confocal microscopy as described (Studer et al.,
pensatory responses and development of the nodose ganglion fol-1996).
lowing ablation of placodal precursors in the embryonic chick (Gal-
lus domesticus). Cell Tissue Res. 281, 379±385.Acknowledgments
Hay, E.D. (1993). Extracellular matrix alters epithelial differentiation.
Current Biol. 5, 1029±1035.We wish to thank Qiufu Ma and David Anderson for sharing unpub-
lished data, for helpful discussions, and for their comments on this Henrique, D.D., Tyler, D., Kintner, C., Heath, J.K., Lewis, J.H., Ish-
Horowicz, D., and Storey, K.G. (1997). cash4, a novel achaete-scutemanuscript. We also thank Patrice Goetz-Reiner, Colette Hindelang,
Neuron
494
homolog induced by Hensen's node during generation of the poste- Simpson, P. (1997). Notch signaling in development: on equivalence
rior nervous system. Genes Dev. 11, 603±615. groups and asymmetric developmental potential. Curr. Opin. Genet.
Dev. 7, 537±542.Jan, Y.N., and Jan, L.Y. (1994). Neuronal cell fate specification in
Drosophila. Curr. Opin. Neurobiol. 4, 8±13. Sommer, L., Shah, N., Rao, M., and Anderson, D.J. (1995). The cellu-
lar function of MASH1 in autonomic neurogenesis. Neuron 15, 1245±Kim, P., Helms, A.W., Johnson, J.E., and Zimmerman, K. (1997).
1258.XATH-1, a vertebrate homolog of Drosophila atonal, induces neu-
ronal differentiation within ectodermal progenitors. Dev. Biol. 187, Sommer, L., Ma, Q., and Anderson, D.J. (1996). neurogenins, a novel
1±12. family of atonal-related bHLH transcription factors, are putative
mammalian neuronal determination genes that reveal progenitor cellKunisch, M., Haenlin, M., and Campos-Ortega, J.A. (1994). Lateral
heterogeneity in the developing CNS and PNS. Mol. Cell. Neurosci.inhibition mediated by the Drosophila neurogenic gene Delta is en-
8, 221±241.hanced by proneural genes. Proc. Natl. Acad. Sci. USA 91, 10139±
10143. Stein, R., Mori, N., Matthews, K., Lo, L.C., and Anderson, D.J. (1988).
The NGF-inducible SCG10 mRNA encodes a novel membrane-Laird, P.W., Zijderveld, A., Linders, K., Rudnicki, M.A., Jaenisch, R.,
bound protein present in growth cones and abundant in developingand Berns, A. (1991). Simplified mammalian DNA isolation proce-
neurons. Neuron 1, 463±476.dure. Nucleic Acids Res. 19, 4293.
Stoner, C.M., and Gudas, L.J. (1989). Mouse cellular retinoic acidLee, J.E. (1997). Basic helix±loop±helix genes in neural development.
binding protein: cloning, complementary DNA sequence, and mes-Curr. Opin. Neurobiol. 7, 13±20.
senger RNA expression during the retinoic acid-induced differentia-Lee, J.E., Hollenberg, S.M., Snider, L., Turner, D.L., Lipnick, N., and
tion of F9 wild type and RA-3±10 mutant teratocarcinoma cells.Weintraub, H. (1995). Conversion of Xenopus ectoderm into neurons
Cancer Res. 49, 1497±1504.by neuroD, a basic helix±loop±helix protein. Science 268, 836±844.
Studer, M., Lumsden, A., Ariza-McNaughton, L., Bradley, A., andLewis, J. (1991). Rules for the production of sensory cells. Ciba
Krumlauf, R. (1996). Altered segmental identity and abnormal migra-Found. Symp. 160, 25±39.
tion of motor neurons in mice lacking Hoxb-1. Nature 384, 630±634.Lewis, J. (1996). Neurogenic genes and vertebrate neurogenesis.
Takebayashi, K., Takahashi, S., Yokota, C., Tsuda, H., Nakanishi,Curr. Opin. Neurobiol. 6, 3±10.
S., Asashima, M., and Kageyama, R. (1997). Conversion of ectodermLufkin, T., Dierich, A., Le Meur, M., Mark, M., and Chambon, P.
into neural fate by ATH-3, a vertebrate basic helix±loop±helix gene(1991). Disruption of the Hox-1.6 homeobox gene results in defects
homologous to Drosophila proneural gene atonal. EMBO J. 16,in a region corresponding to its rostral domain of expression. Cell
384±395.66, 1105±1119.
Tiveron, M.-C., Hirsch, M.-R., and Brunet, J.-F. (1996). The expres-Ma, Q., Kintner, C., and Anderson, D.J. (1996). Identification of neu-
sion pattern of the transcription factor Phox2 delineates synapticrogenin, a vertebrate neuronal determination gene. Cell 87, 43±52.
pathways of the autonomic nervous system. J. Neurosci. 16, 7649±Ma, Q., Chen, Z., del Barco Barrantes, I., de la Pompa, J.L., and
7660.Anderson, D.J. (1998). neurogenin1 is essential for the determination
Turner, D.L., and Weintraub, H. (1994). Expression of achaete-scuteof neuronal precursors for proximal cranial sensory ganglia. Neuron
homolog 3 in Xenopus embryos converts ectodermal cells to a neu-20, this issue, 469±482.
ral fate. Genes Dev. 8, 1434±1447.Mark, M., Lufkin, T., Vonesch, J.-L., Ruberte, E., Olivo, J.-C., DolleÂ ,
Tybulewicz, V.L., Crawford, C.E., Jackson, P.K., Bronson, R.T., andP., Gorry, P., Lumsden, A., and Chambon, P. (1993). Two rhombo-
Mulligan, R.C. (1991). Neonatal lethality and lymphopenia in micemeres are altered in Hoxa-1 mutant mice. Development 119,
with a homozygous disruption of the c-abl proto-oncogene. Cell 65,319±338.
1153±1163.Martinez, C., and Modolell, J. (1991). Cross-regulatory interactions
between the proneural achaete and scute genes of Drosophila. Sci-
ence 251, 1485±1487.
McCormick, M.B., Tamimi, R.M., Snider, L., Asakura, A., Bergstrom,
D., and Tapscott, S.J. (1996). neuroD2 and neuroD3: distinct expres-
sion patterns and transcriptional activation potentials within the
neuroD gene family. Mol. Cell. Biol. 16, 5792±5800.
Mitchell, P.J., Timmons, P.M., Hebert, J.M., Rigby, P.W., and Tjian,
R. (1991). Transcription factor AP-2 is expressed in neural crest cell
lineages during mouse embryogenesis. Genes Dev. 5, 105±119.
Morin, X., Cremer, H., Hirsch, M.-R., Kapur, R.P., Goridis, C., and
Brunet, J.-F. (1997). Defects in sensory and autonomic ganglia and
absence of locus coeruleus in mice deficient for the homeobox gene
Phox2a. Neuron 18, 411±423.
Nagy, A., Rossant, J., Nagy, R., Abramow-Newerly, W., and Roder,
J.C. (1993). Derivation of completely cell culture±derived mice from
early-passage embryonic stem cells. Proc. Natl. Acad. Sci. USA 90,
8424±8428.
Pachnis, V., Mankoo, B., and Costantini, F. (1993). Expression of the
c-ret proto-oncogene during mouse embryogenesis. Development
119, 1005±1017.
Pattyn, A., Morin, X., Cremer, H., Goridis, C., and Brunet, J.-F. (1997).
Expression and interactions of the two closely related homeobox
genes Phox2a and Phox2b during neurogenesis. Development 124,
4065±4075.
Roztocil, T., Matter-Sadzinski, L., Alliod, C., Ballivet, M., and Matter,
J.-M. (1997). NeuroM, a neural helix±loop±helix transcription factor,
defines a new transition stage in neurogenesis. Development 124,
3263±3272.
Shoukimas, G.M., and Hinds, J.W. (1978). The development of the
cerebral cortex in the embryonic mouse: an electron microscopic
serial section analysis. J. Comp. Neurol. 179, 795±830.
